Introduction
============

Polycystic ovary syndrome (PCOS) is a common heterogeneous endocrinopathy in women of reproductive age \[[@B1]\]. Folliculogenesis in ovaries affected by PCOS is often disrupted, leading to suboptimal oocyte competence for fertilization. The association between PCOS and oocyte quality is controversial. Although the preponderance of evidence suggests that the developmental potential of oocytes derived from women with PCOS is normal \[[@B2]\], antral follicles in women with PCOS are heterogeneous and include a proportion that have undergone premature arrest \[[@B3]\]. Arrested follicles have different properties, and the oocytes in such follicles are unlikely to have normal developmental potential. Successful fertilization and pregnancy are heavily dependent upon the inherent qualities of the oocytes, and thus reliant upon the fidelity of oocyte maturation \[[@B4]\]. Although the etiology of PCOS is still obscure, dysregulation of granulosa cells (GCs) may affect the ovarian follicular environment, which may be associated with the poor reproductive outcomes observed in PCOS patients \[[@B5]\].

Insulin resistance plays a key role in the metabolic and reproductive consequences of PCOS, and involves nuclear events \[[@B6]\]. Peroxisome proliferator-activated receptor (PPAR)-γ is one of the main nuclear receptors that regulate insulin sensitivity and has been identified as playing a crucial role in reproduction, including the regulation of steroidogenesis in GCs \[[@B7][@B8]\]. Using a mouse mutant model, GC-specific deletion of PPAR-γ resulted in marked impairment of ovulation owing to defective follicular rupture. In the ovary, PPAR-γ is expressed most strongly in GCs \[[@B9]\]. Thiazolidinediones which are synthetic agonists of PPAR-γ, are applied to treat PCOS \[[@B10]\], also suggesting that PPAR-γ plays an important role in the maintenance of normal ovarian function and that its level or activity may be lower in PCOS patients than in normal individuals \[[@B11]\].

PPAR-γ has also been recognized as playing an important role in the immune response through its ability to inhibit the expression of inflammatory cytokines and to direct the differentiation of immune cells toward anti-inflammatory phenotypes \[[@B12]\]. Tumor necrosis factor (TNF)-α and interleukin (IL)-6 have been shown to influence ovarian function, ovulation, fertilization, and implantation in women with PCOS \[[@B13]\]. Additionally, it is possible that the increased expression of PPAR-γ may be indirectly related to the proinflammatory status mediated by prostaglandin E \[[@B14]\]. It has been reported that the PPAR system regulates the synthesis of prostaglandins by modulating cyclooxygenase (COX)-2, the limiting enzyme of this process \[[@B15]\]. COX-2 knockout mice have impaired ovulation, indicating that these genes control ovulation and cumulus expansion \[[@B16]\].

Few studies on the expression of PPAR-γ, COX-2 and proinflammatory cytokines in GCs have been published. We explored the differences in expression of PPAR-γ, COX-2, TNF-α, and IL-6 mRNA in GCs from PCOS patients and controls undergoing controlled ovarian stimulation.

Methods
=======

1. Study design
---------------

This was a pilot study performed in a private *in vitro* fertilization clinic. Fifteen patients with infertility for whom intracytoplasmic sperm injection (ICSI) was indicated were enrolled in the study. Nine patients with PCOS were assigned to the case group. Six non-PCOS patients whose partners had male factor infertility (azoospermia, ICSI with donor sperm) were assigned to the control group. All women were carefully screened for PCOS according to the Rotterdam criteria, meaning that they met at least two of the following three criteria: (1) oligo-ovulation and/or anovulation, (2) clinical and/or biochemical signs of hyperandrogenism, and (3) polycystic ovaries \[[@B17]\].

All ICSI cycles included in this study were conducted according to a long mid-luteal gonadotropin-releasing hormone (GnRH) agonist protocol as previously described \[[@B18]\]. Briefly, pituitary down-regulation with a GnRH agonist (decapeptyl-depot; Ferring, Malmo, Sweden) was followed by controlled ovarian stimulation with human menopausal gonadotropin (hMG; 225--300 IU/day, Menopur, Ferring). The dose of hMG was adjusted every 3 to 4 days based on ovarian response, as determined by ultrasound scans. When adequate follicular growth was demonstrated (more than two follicles reached 18 mm in diameter), human chorionic gonadotropin (Ovidrel; Serono, Geneva, Switzerland) was administered subcutaneously to induce follicular maturation. After 35 to 36 hours, follicular aspiration was performed under the guidance of transvaginal ultrasound. The luteal phase was supplemented with progesterone in oil once daily, starting on the day of oocyte retrieval. A clinical pregnancy was defined as the presence of a gestational sac on ultrasonography. An ongoing pregnancy was a pregnancy that reached a viable gestational age of ≥12 weeks.

All patients provided informed written consent, and this study was approved by the institutional review board of Hamchoon Women\'s Clinic (No. HCIRB-1106-01-002).

2. Isolation of GCs
-------------------

GCs were collected on the day of oocyte retrieval. After the isolation of cumulus-oocyte complexes, the remaining follicular fluid (FF) was pooled. To remove red blood cells, GCs were harvested from the FF by using a discontinuous Percoll gradient (50%, 90% in Ham\'s F10 medium) and centrifugation at room temperature (3,000 rpm for 10 minutes). After removal of the supernatant, the pellets were resuspended in Ham\'s F-10 medium (Gibco BRL, CA, USA). The GCs were washed in fresh medium (Ham\'s F-10 medium) and stored at −80℃ until RNA analysis.

3. RNA isolation and real-time reverse transcription polymerase chain reaction
------------------------------------------------------------------------------

The total RNA of PPAR-γ, COX-2, IL-6, and TNF-α was extracted from GC samples using a modified TRI reagent (Sigma Chemical, St. Louis, MO, USA) according to the manufacturer\'s instructions. RNA concentration and purity were measured using a NanoDrop Spectrophotometer (NO-100; Biolab, Belmont, Australia). One microgram of total RNA was reverse-transcribed to cDNA using ImProm-II reverse transcriptase (Promega, Madison, WI, USA), and the cDNA was subjected to polymerase chain reaction amplification by specific primers ([Table 1](#T1){ref-type="table"}). Quantitative real-time polymerase chain reaction was carried out using SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA), consisting of an initial denaturation step of 94℃ for 30 seconds, followed by 30 amplification cycles at 94℃ for 5 seconds, 50℃ for 10 seconds, and 72℃ for 10 seconds. Quantification of gene expression was performed only in the linear range of each primer pair. The delta CT method was used to quantify changes in the expression of each specific gene normalized to the expression of the housekeeping gene *GAPDH* \[[@B19]\].

4. Statistical analysis
-----------------------

Results were reported as the mean±standard deviation. The Mann-Whitney test was used to compare the mean values. Correlations between expressions of the various parameters were tested using the nonparametric Spearman correlation. Statistical significance was defined as *p*\<0.05. SPSS for Windows ver. 11.0 (SPSS Inc., Chicago, IL, USA) was used for all analyses.

Results
=======

The demographics and clinical outcomes of the PCOS and control groups are summarized in [Table 2](#T2){ref-type="table"}. The PCOS and control groups did not significantly differ in age, body mass index, or the baseline hormonal profiles except for the ratio of luteinizing hormone to folliclestimulating hormone, which was significantly higher in the PCOS group. All patients underwent ICSI. There were also no significant differences in the ovarian stimulation profiles, including the total gonadotropin dose, the number of retrieved oocytes, the number of embryo transferred, and the number of good embryos. The clinical pregnancy rate and ongoing pregnancy rate were lower in the PCOS group, but these differences were not statistically significant.

The mRNA expression of PPAR-γ, COX-2, IL-6, and TNF-α in GCs from stimulated follicles in the PCOS and control groups is shown in [Figure 1](#F1){ref-type="fig"}. PPAR-γ and COX-2 mRNA was significantly downregulated in the GCs of PCOS women compared with controls (*p*=0.034 and *p*=0.018, respectively), but IL-6 and TNF-α mRNA levels did not show significant differences.

The expression of PPAR-γ, COX-2, IL-6, and TNF-α in GCs was not correlated with clinical characteristics or oocyte developmental quality, as assessed by parameters including the number of oocytes, the number of transferred embryos, the fertilization rate, the rate of good embryos, and the clinical pregnancy rate (data not shown). Spearman correlation analysis indicated a significant positive association among the mRNA levels of PPAR-γ, COX-2, IL-6, and TNF-α in GCs ([Figure 2](#F2){ref-type="fig"}).

Discussion
==========

In order to explore the dysregulation of GCs in PCOS, we investigated the mRNA expression patterns of PPAR-γ, COX-2, and proinflammatory cytokines in the GCs of PCOS patients undergoing controlled ovarian stimulation. Although little is known about the factors that control the progression of follicle growth, it is clear that local factors are important and that GCs are primarily responsible for the regulation of FF content. We focused on genes responsive to PPAR-γ signaling, which is critical for normal ovarian function \[[@B9]\]. When compared to normal ovaries, the majority of the differentially expressed genes were downregulated in PCOS ovaries, suggesting that several processes that are activated by these genes are in an off-state \[[@B20]\]. Moreover, considering the treatment effect of a synthetic agonist of PPAR-γ \[[@B10]\], lower levels of PPAR-γ expression are anticipated in PCOS. However, controversies exist about the expression level of PPAR-γ in PCOS. Some studies have reported upregulation of PPAR-γ in ovary and cumulus cells \[[@B20][@B21]\]; some have reported no significant differences in GCs \[[@B22]\]; and some reported downregulation in the GCs of women with PCOS \[[@B11]\]. We found that PPAR-γ expression was downregulated in the GCs of women with PCOS. The reason for the inconsistent results regarding PPAR-γ expression and PCOS is unclear, but it might be due to small sample sizes and the heterogeneity of PCOS.

An association between PPAR-γ and COX-2 has been reported \[[@B23]\], but few studies on COX-2 expression in PCOS have been published. Sander et al. \[[@B24]\] showed that the levels of COX-2 mRNA did not change in PCOS follicles as compared to controls. Arif et al. \[[@B25]\] reported that COX-2 was upregulated twofold in polycystic rat ovaries in comparison to superovulated rat ovaries during ovulation. In contrast, our results showed that COX-2 mRNA was downregulated in the GCs of women with PCOS.

Imbalances between proinflammatory and anti-inflammatory cytokines closely linked to insulin resistance may be involved in the pathogenesis of PCOS \[[@B26]\]. TNF-α and IL-6 are important proinflammatory cytokines that may influence ovarian function \[[@B27]\]. Infertile women with PCOS were found to have higher serum and FF concentrations of TNF-α and IL-6 than controls \[[@B9][@B12][@B28][@B29]\]. PPAR-γ was demonstrated to control a unique network of downstream genes, including those encoding for IL-6 and TNF-α \[[@B30]\]. There is a presumption that chronic low-grade inflammation, represented by TNF-α and IL-6, may have a harmful effect on the outcome of *in vitro* fertilization. However, our results showed that IL-6 and TNF-α mRNA expression in GCs did not show significant differences between the PCOS and control groups, and there was no significant correlation between the expression of these genes and indicators of oocyte developmental quality, including the fertilization rate and the rate of good embryos. Additionally, the expression level of PPAR-γ and chronic low-grade inflammation markers did not show a negative correlation ([Figure 2](#F2){ref-type="fig"}).

Despite the increasing clinical use of PPAR-γ agonists to treat PCOS, the mechanisms by which PPAR-γ agonists exert their effects remain unclear. PPAR-γ agonist administration may influence ovarian function via numerous diverse mechanisms that may or may not be directly related to insulin and insulin-like growth factor signaling. Rosiglitazone was recently shown to significantly increase PPAR-γ mRNA and to decrease TNF-α in human granulosa-lutein cells *in vitro*, as well as to decrease IL-6 secretion, although not significantly \[[@B31]\].

This study has some limitations. A systematic evaluation of metabolic abnormalities was not performed, meaning that other confounding factors may have been present. Although no significant difference in body weight was found between the study and control groups, a body weight-matched study was not performed. This study included a relatively small number of cases, and the PCOS study group did not contain multiple PCOS phenotypes. An important limitation is that we did not also perform further experiments using *in vitro*-cultured GCs to validate whether dysregulation of PPAR-γ and COX-2 is intrinsic.

Based on the knowledge that GC dysregulation may affect the ovarian follicular environment, our results showed alterations of the follicular environment in PCOS. The present data may contribute to a better understanding of dysregulated pathways in PCOS. Further studies with a larger sample size and with administration of a PPAR-γ agonist both *in vivo* and *in vitro* are necessary to conclusively assess the potential role of PPAR-γ and proinflammatory factors in the follicular environment of PCOS.
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![The mRNA expression of (A) PPAR-γ, (B) COX-2, (C) IL-6, and (D) TNF-α in granulosa cells from stimulated follicles in polycystic ovary syndrome (PCOS) and non-PCOS women. The mRNA copy number is given to allow comparison. PPAR-γ and COX-2 mRNA was significantly downregulated in the granulosa cells of PCOS women compared with controls (*p*=0.034 and *p*=0.018, respectively), but IL-6 and TNF-α mRNA did not show significant differences. PPAR, peroxisome proliferator-activated receptor; COX, cyclooxygenase; IL, interleukin; TNF, tumor necrosis factor. ^a)^*p*\<0.01.](cerm-44-146-g001){#F1}

![Spearman rank correlation (rs) between the mRNA expression levels of (A) PPAR-γ and COX-2, (B) PPAR-γ and IL-6, (C) PPAR-γ and TNF-α, (D) COX-2 and IL-6, (E) COX-2 and TNF-α, and (F) IL-6 and TNF-α in granulosa cells. Spearman correlation analysis indicated a significant positive association among the levels of PPAR-γ, COX-2, IL-6, and TNF-α mRNA in granulosa cells. COX, cyclooxygenase; PPAR, peroxisome proliferator-activated receptor; IL, interleukin; TNF, tumor necrosis factor.](cerm-44-146-g002){#F2}

###### Sequences of primers used for real-time reverse transcription polymerase chain reaction

![](cerm-44-146-i001)

COX, cyclooxygenase; IL, interleukin; TNF, tumor necrosis factor; PPAR, peroxisome proliferator-activated receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

###### Basal characteristics and reproductive outcomes

![](cerm-44-146-i002)

Values are presented as mean±standard deviation unless otherwise indicated.

PCOS, polycystic ovary syndrome; BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; AMH, anti-Müllerian hormone; hMG, human menopausal gonadotropin; PR, pregnancy rate.
